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Goals, Innovation and Impact

‣Goal: support an evaluation of multiple hypothesis-driven LENR experiments by 
detecting ionizing radiation products

‣ Innovation:
– independence of tools and methods from Category A experiments
– adherence to established scientific practices in measuring and modeling 

ionizing radiation interaction with matter
– separation of the personnel from Category A projects

‣ Impact:
– establish strict standards in evaluating hypothetical LENR signatures
– help determine how research support should be directed to improve scientific 

understanding of LENR
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Facilities
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Standard Radiation Detectors Available for Cat A Experiments
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2. PROPOSED WORK 
2.1 Capabilities in support of LENR experiments 
This project will focus on the diagnosis of nuclear reactions by measuring their ionizing radiation 
products, and it aims to support four experimental platforms summarized in Table 1. 

Table 1: Category A experimental platforms supported by this project 

Institution PI Refs Radiation Detection Capability Ancillary 
Capabilities 

University of 
Michigan (UM) 

Pramod 
Reddy [Rei21] • Fast and thermal neutron detection 

• Detector 
calibration 

• Data collection 
• Data analysis 
• Radiation 

transport 
modeling 

• Background 
measurement 
and monitoring 

Massachusetts 
Institute of 

Technology (MIT) 

Peter 
Hagelstein 

[Hag18, 
Met17, 
Met18] 

• Ion detection and identification (dE/E) 
• Large-area fast neutron detection and 

spectroscopy 
• Large-area thermal neutron detection 

Energy Research 
Center (ERC) 

Francis 
Tanzella 

[Rou17, 
McK94] 

• Ion detection and identification (dE/E) 
• Large-area fast neutron detection and 

spectroscopy 
• Large-area thermal neutron detection 

Northrop 
Grumman (NG) 

Donald Di 
Marzio [Mos15] • High-energy electron and photon detection 

• Fast neutron detection 
  
In addition to these capabilities that were identified through discussions with tentative Category A 
teams, this project will explore opportunities to work with other Category A teams selected by 
ARPA-E at the time awards are announced. Furthermore, this project recognizes the potential 
value of interactions with other Category B teams that plan to make their own independent 
measurements in the same Category A experiments as this project. We will explore this possibility 
one the supported Category B projects are announced; we have already established this intent with 
the team led by the US-Asia Institute in the area of fast neutron detection and spectroscopy. 
A summary of detectors that will support the diagnosis of hypothesized LENR reactions is 
provided in Table 2 (FN – fast neutron, SN – slow neutron, G – gamma/X ray/beta; I – ion; M 
– muon). 

Table 2: Summary of radiation detector approximate characteristics available for this project 
Detector 

type 
Particle 

type 
Resolution Rate* Sensitivity Threshold Particle 

ID Temporal Spatial Energy 
CURRENTLY AVAILABLE 

Organic 
scintillators FN 2 ns ≥2.5 cm 20% 50 kHz 30% >50 keVee Yes 

Deuterated 
scintillator FN 2 ns 5 cm 20% 50 kHz 30% 100 keVee Yes 
4He FN 75 ns 5 cm 20% 50 kHz 10% 50 keVee Yes 
Composite 
scintillators FN, SN 2 ns ≥2.5 cm 20% 20 kHz 5–20% 50 keVee Yes 

CLYC FN, SN, G 2 ns 3.8 cm <7% 5 kHz 20% 10 keV Yes 
BF3 / boron 
coated SN 10 µs 2.5 cm N/A 1 kHz 30% 0 Yes 

LaBr3 G 2 ns 5 cm <3% 50 kHz 30% 10 keV No 
NaI(Tl) G 2 ns ≥5 cm 6–10% 10 kHz 60% 10 keV No 
HPGe G 10 ns ≥1 cm <0.5% 10 kHz 40% 10 keV No 



Custom Radiation Detectors Planned for Cat A Experiments
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CONSTRUCTED FOR THIS PROJECT 
ΔE/E 
telescope I 10 ns 0.8 cm 20 keV 10 kHz 100% 1 MeV Yes 

Muon veto M 2 ns ≥ 50 cm N/A 50 kHz 100% 5 MeV No 
Large B-
doped 
organic 
scintillator  

FN, SN 2 ns ≥10 cm 10–20% 50 kHz 60% 100 keVee Yes 

* With the use of digital data acquisition (DAQ), this rate is usually limited by the optical link transfer (<80 MB/s) 
** Interpreted as the intrinsic efficiency for a typical hypothesized signal from LENR experiments 
 
Fast neutron detection 
Fast neutrons can be detected 
through nuclear recoil or a 
thermalization + capture 
method. The following 
detectors are currently 
available for this project: 
• Organic scintillators – 

liquid EJ-309 (over 20 
available in 2” and 3” 
cells), plastic EJ-276 (6 available in a range of sizes 
up to 2”), and stilbene (2”). Typical performance in 
our experiments with low and high rates is shown in 
Figure 2. 

• Deuterated benzene scintillator EJ-315 (one 2” 
detector available). This detector provides a distinct 
forward-peaked response function, which offers a 
significant advantage in neutron spectrum unfolding 
(Figure 3, [Bec17]).  

• High-pressure 4He 
scintillation detector with 
custom multi-channel 
SiPM readout – provides 
a unique combination of 
low gamma response, 
relatively high neutron 
detection efficiency, and 
fast response (Figure 4, 
[Sea22]). 

 
 
 

Figure 2: Typical performance of liquid scintillator (EJ-309) in conditions of: 
left – low pileup (PuBe source); right – high pileup [11B(d,n)12C source]. The 
fiducial cut shown in red selects the photons (distinct features correspond to 
Compton edge of gamma rays up to 15.1 MeV. 

Figure 11: (a) Calibrated, integral normalized spectra in response to neutron sources and a 137Cs gamma-ray source.

In the measurement of the detector energy resolution, PSD was used to reject neutrons interacting151

in the EJ-309 detector, since only gamma-rays having constant TOF were desired. A tail-to-total152

ratio pulse shape parameter (PSP) was used. The conservative PSD cut and energy threshold used153

to reject neutrons is shown in Figure 12. The TOF distribution for the 4He detector is shown in154

Figure 13, both before and after applying the channel combination logic. The 1-s time resolution155

st is reduced from 9.2 to 7.1 ns, an improvement of 22%. The FWHM time resolution of this156

system is 16.7 ns.157

12

Figure 4: Left – 4He detector under test; right – detector response to several 
gamma and neutron sources [Sea22]  

Figure 3: Light output spectrum from the 
13C(d,n)14N reaction showing distinct energy 
states of the product nucleus observable with 
deuterated scintillator [Bec17] 



Neutron Detectors

‣ Fast neutrons detected through nuclear recoil or thermalization + capture
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Gamma-Ray, X-ray, and Electron Detectors

‣CLYC (tri-mode), LaBr3, NaI(Tl), HPGe

7



Ion Detectors

‣ Ion detectors need identified in multiple Cat 
A experiments

– Energies up to 20 MeV, large areas: 
need to be custom constructed

– Particle ID desired à ΔE/E detector 
and/or pulse shape analysis

– Calibration: Michigan Ion Beam 
Laboratory / TAMU?

– Operation up to several hundred ºC: SiC 
(significant R&D needed, potentially with 
TTU Cat B + external collaborators)
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• NaI(Tl) – a large number of 
detectors of various sizes (1” 
cylinders – 16” paddles) are 
available and have been operated 
with digital DAQ for pile-up 
rejection. Shown in Figure 11 are the array of large-volume 
detectors that can provide high efficiency for energetic 
gammas and electrons. 

• HPGe detectors – several detectors with compact dewars are transportable and available for 
this project. They have been similarly instrumented with digital DAQ (Figure 12). 

Slow neutron detection 
• BF3 and boron-coated tubes – several of these 

neutron detectors manufactured by LND are 
available for measurements of slow neutrons by 
boron capture (Figure 13). 

Energetic ion detection 
In one class of Category A experiments, it is 
hypothesized that high-energy (>20 MeV) ions will be 
produced, including protons and alpha particles. The MIT team reported the detection of ions under 
certain conditions reported to be “non-optimal” for LENR. For this detection, they used 50 mm2 
surface barrier detectors. Because of their relatively small area and placement constraints (limited 
angle of coverage), these detectors exhibit relatively low efficiency. Also, no particle identification 
was available in MIT experiments, but a related experiment [Lip03] reported the evidence for 
distinct emission of alphas and protons in the energy range of 
up to ~20 MeV. We propose to construct a custom diagnostic 
that will meet the combined need for high-efficiency 
detection of !(10 MeV) ions and their particle identification. 
Two main methods of particle identification have been used 
in the past and are illustrated in Figure 14. In the first, a thin 
(ΔE) detector is combined with a thicker (E) detector into a 
“particle ID telescope”. Alternatively, a thin-film scintillator 
(such as ZnS) with a distinct decay time constant could be 
deposited on a thicker scintillator (such as plastic) for 
measuring energy. In the latter case, the challenge is to 
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CLYC Testing
Goal: achieve the expected energy resolution (4.5-5.5%) for Cs-137 with 
digital processing

6.8%

To improve the energy resolution:  
  1. Use the highest PMT voltage (Vmax=1500 V) 
  2. Use the highest gain for the digitizer (2560 fc/LSB) 
  3. Use an appropriate waveform integration window (~6-10 us) 
  4. Frequency filtering of digital pulses does not help.  

Figure 10: Typical performance of 
a CLYC detector with digital DAQ 

Figure 11: Array of 2”x 
4”x 16” Na(Tl) detectors 

ΔΕ (Ortec D)

E (Ortec B)

ions

ions

PMT/SiPM

Scintillator plate 
with thin ZnS layer

Figure 14: Two concepts for large-area 
ΔE-E detectors: left – semiconductor 
diode; right – scintillator 

Figure 12: An available transportable 
HPGe detector (0.75 cm3 crystal) and 

CAEN DT5780 digitizers. 

 

Figure 13: BF3 and boron-coated tubes 



Muon Veto and Large-Area Neutron Detectors

‣Reduce backgrounds: veto muons and a 
fraction of muon-induced fast neutrons

‣ Increase neutron detection efficiency: 
custom large-volume liquid or plastic 
scintillators

‣Will be custom-constructed based on 
needs identified in Cat A experiments
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Data Acquisition

‣ Fully digital data acquisition (DAQ)
‣Portable CAEN desktop digitizers (8–16 channels): DT5730/40/70
‣VME crate 32-channel digitizer if needed
‣Data recorded with CAEN CoMPASS: Multiparametric DAQ Software for Physics 

Applications
‣ROOT format: timestamp, waveform or reduced data (energy, pulse shape)
‣Data stored locally and on cloud; provided to Cat A teams in accordance with the 

Technical Data Sharing Plan
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Background monitoring and modeling

‣Use multiple detectors and make long measurements (~1 week) with 
timestamps

‣Continuously record environmental parameters (temperature, humidity, 
pressure)

‣Regular self-calibration with environmental radioactivity and muons
‣Simulation of muon background; accounting for diurnal variation
‣Measure background during experiments with detectors deployed at various 

distances
‣Consistency check of environmental background using shielding with known 

characteristics
‣Review raw data (waveforms) for anomalies (e.g., signal reflections, EM 

interference)

11



Modeling

12

‣  Forward modeling of detector signal
– attenuation in the experimental apparatus
– effect of detector geometry on signal
– scintillation quenching for high-LET radiation
– nonlinearity
– escape of secondary particles
– response to surrounding materials (scattering)

‣Modeling frameworks: Geant4, MCNP, Fluka
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(stopping power) can be accounted for. We have already developed Geant4 models for the majority 
of detectors we intend to use in this project, including aspects such as:  
• Unique response to detector geometry – e.g., “hybrid” pulses arising from energy deposition 

split between two regions of detector exhibiting different properties (Figure 16, [Wu20]) 
• Quenching – suppressed generation of information carriers for higher stopping powers.  
• Nonlinearity – loss of proportionality between deposited energy and detector signal 
• Energy escape – loss of secondary particle energy, such as electron escape, X-ray escape, and 

bremsstrahlung loss 
• Response to surrounding material – e.g., production of 

secondary particles in the area surrounding the detector, 
scatter of primary particles from the surrounding material. 

Most of the models available are written in Geant4, and we 
will continue our modeling in this framework for consistency. 
An example of the successful application of such models in 
measuring complex radiation signals arising in a 25-MeV 
proton-driven experiment, including secondary radiation and 
muon background, is shown in Figure 17 [Nat20]. 
Background monitoring and modeling. Careful 
characterization of background is critical for the interpretation 
of LENR experiments. Our strategy for background 
monitoring and modeling consists of the following elements. 
1. Measurement of background in the experimental area with 

multiple redundant detectors over a long period (~1 week) 
before experiments, recording the timestamps of all events 

2. Continuous recording of environmental parameters 
(temperature, humidity, pressure) with timestamps to 
control parameters such as gain drift. 

3. Regular self-calibration using environmental 
radioactivity, such as 208Tl and muons. 

4. Simulation of muon background (e.g., our recent work [Sut21]) and comparison with 
measurement for consistency; accounting for the diurnal variation of neutron background. 

5. Background measurement during the experiment by detectors deployed at an increased 
distance with respect to the hypothetical radiation source. 

6. Consistency checks of environmental background by the use of shielding of known 
characteristics, such as polyethylene and lead, and by the use of large metallic objects to 
simulate the “ship effect” in the experimental environment. 

7. Data analysis of waveforms to reveal the potential impact of electromagnetic interference or 
signal reflection. 

Remote operation. Based on the discussion with Category A proposers, it is anticipated that some 
experiments will require operation over extended periods, which will necessitate the remote 
collection of data from radiation detectors as well as environmental data. We will use the best 
practices for data collection from our prior experiments to do this efficiently, by setting up a 
dedicated computer for data collection which will be accessible through a remote desktop 

Figure 17: Experimental light output 
and simulated contributions to light 
output for (a) 3” EJ309 detector and 
(b) NaI(Tl) detector. The source is a 
25-MeV proton incident onto 12C 
target [Nat20]. 
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FIG. 6: Experimental light output and simulated
contributions to light output for (a) 3” EJ309 detector
detector at 90° and (b) 1.5” NaI(Tl) detector detector
at 0° for a 25-MeV proton incident onto a thick natural

carbon target over a measurement time of 8 hours.

and time-varying backgrounds, a conservative approach
to estimate the uncertainty was pursued. The bin er-
rors of the measured light-output spectra were varied to
achieve a �

2/NDF=1 for each measurement. The bin
errors range from approximately 20 to 40%.

IV. RESULTS & DISCUSSION

The results show an expected trend: as the energy of
the protons is increased, the yield of high-energy gamma
rays increases. The 15.1-MeV gamma-ray yield at 0° from
12C(p,p’)12C reaction is a factor of 1.3, 14.8, and 55.5
(sr�1 µC�1) greater at proton energies of 19.5, 25, and
30 MeV, respectively, than the yield of 15.1-MeV gamma
rays from 11B(d,n)12C reaction at 0° angle with 3-MeV
deuteron energy [12]. The increase in the 15.1-MeV
gamma-ray yield measured at 90° is even greater com-
pared to the 11B(d,n)12C reaction. A summary of 4.4-
and 15.1-MeV gamma-ray yield is listed in Table IV
and IV with the corresponding values plotted in Fig. 8
and Fig. 9, respectively. 4.4-MeV and 15.1-MeV gamma-
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FIG. 7: Recorded light-output spectra measured with a
(a) 3” EJ309 detector detector at 90° and (b) 1.5”
NaI(Tl) detector at 0° for a 25-MeV proton incident

onto a thick natural carbon target over a measurement
time of 8 hours.

ray yields per sr µC from were calculated by

Y (E) =
npNA

M

Z
E1

E0

�(E)

T (E)
dE, (6)

where n is the number of protons, p the enrichment of
the 12C sample, M is the molar mass, E the proton en-
ergy, � the measured production cross section [21, 32–34],
and T the tabulated stopping power [35]. The estimated
yields are shown in Fig. 8 and Fig. 9 assuming a 20%
uncertainty. The gamma-ray yields are calculated by in-
tegration from the incident energy of the proton to the
reaction threshold of its respective gamma-ray energy.
There is good agreement between the measured gamma-
ray yields at 4.4 and 15.1 MeV and previous work [32–
34]. The di↵erences between our experimental results
and calculated yields based on previously reported cross
sections may be due to the lack of fine-resolution cross-
section data and our assumption of isotropic angular dis-
tributions. The threshold for neutron production in the
12C(p,n) reaction is 19.64 MeV [23]. Neutrons can also be
produced below this threshold, for example from isotopic
impurities such as 13C in the target and from energetic
gamma rays produced in the target and interacting in
the surrounding material. The presence of fast neutrons
is confirmed in Fig. 3, where proton energy was below

Organic 
scintillator

NaI (Tl)

J. Nattress, I. Jovanovic et al., 
Phys. Rev. Appl. 14, 034043 (2020)



Data Analysis and Statistical Inference
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‣Data analysis
– fully digital data analysis in ROOT framework
– pulse shape, pileup, charge / light output
– fiducial cuts for particle ID and pileup rejection
– time correlations of multiple detectors and external trigger
– correction for detector drift
– separate characterization of background

‣Statistical inference
– signal-to-background ratio over various spectral regions
– ISO 11922 standard à expands upon Currie minimum detectable activity: 

signal is present vs signal is not present for various C.L. (2σ, 3σ, …)
– goodness fit to Cat A models: χ(2)/ndf



Initial Test Plan

‣ Technical engagement with Cat A teams and the TTU Cat B team
‣Quick assistance to Cat A teams
‣Establish Technical Data Agreement
‣ Finalize schedule and protocols
‣Model radiation transport in experiments
‣Design custom detectors and order materials
‣Model detector response
‣ Test custom detectors
‣Perform measurements and modeling
‣Analyze data
‣Publish
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